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Introduction
Stem cell therapies hold much therapeutic promise in a variety of neurodegenerative diseases. Specifically, human mesenchymal stem cell (MSC) transplantation has been shown to improve outcome in a variety of animal models of neurological disease including experimental autoimmune encephalomyelitis (EAE), stroke and spinal cord injury [1] [2] [3] [4] . Pilot studies of MSC therapy have also commenced in stroke [5] , multiple system atrophy [6] and in multiple sclerosis within our institute [7] .
Mesenchymal stem cells can be easily isolated from the bone marrow and rapidly expanded in vitro thus lending to the transplantation of MSC being an attractive therapeutic tool for central nervous system (CNS) injury. A variety of mechanisms by which MSCs might exert therapeutic effects in neurodegenerative disorders have been postulated, including replacement of lost cells by differentiation into functional neural tissue (which remains controversial); modulation of the immune system to prevent further neurodegeneration; or provision of trophic support for the diseased nervous system [8, 9] . In addition to these much studied mechanisms of neuroprotection, recent reports have indicated that bone marrow-derived stem cells can fuse with differentiated cells in a range of tissues, including the brain. This may be a physiological phenomenon to introduce young nuclei or functional genes in aged or degenerating cells [10] .
Within the CNS, fusion of bone marrow-derived stem cells is seen, but may be restricted to Purkinje cells within the cerebellum [11, 12] , and appears extremely infrequent under normal biological conditions [13, 14] ; thus its significance and physiological importance remains unclear. However, an important observation has been that inflammation not only promotes migration and infiltration of bone marrow-derived stem cells to sites of brain injury [15] [16] [17] , but also increases the frequency of stem cell fusion [11, 12] . This raises the tentative possibility that fusion could represent a means of stem cell mediated neuroprotection or rescue of highly differentiated cell types which cannot be replaced in adults [18, 19] , and that immunological and inflammatory factors, recruiting endogenous stem cells and stimulating fusion, could help limit the loss of structural neurons such as Purkinje cells [11] . An understanding of the mechanisms underlying cell fusion events between bone marrow derived stem cells and Purkinje cells might lead to techniques to manipulate these mechanisms and introduce functional 'donor' cell genes or engineer 'donor' cells to express factors that may increase Purkinje cell survival and survival of adjacent cerebellar cells in patients with cerebellar degeneration.
Chronic inflammation could cause an increase in spontaneous fusion events through increasing cytokine levels, by activating immune cells or by damaging the blood brain barrier leading to increased permeability [11, 12] . We hypothesize that endogenous factors associated with inflammation, such as tumour necrosis factor (TNF)-alpha and interferon (IFN)-gamma, may also directly activate stem cells and Purkinje cells to promote fusion. To confirm this, we demonstrate an increase in mouse cerebellar Purkinje cells labelling for the human Golgi Zone within the Purkinje cell layer of the cerebellum after intravenous infusion of MSCs into mice with EAE, an inflammatory CNS condition characterized by raised levels of both TNF-alpha and IFN-gamma. In addition, we show that fusion between MSCs and cerebellar neurons in vitro is increased in the presence of TNF-alpha and/or IFNgamma. These findings demonstrate that bone marrowderived stem cells may integrate into the cerebellum, in a manner which is influenced by inflammatory mediators; and thus may be potential therapeutic agents for inflammatory disorders affecting the cerebellum, such as multiple sclerosis.
Materials and methods

Bone marrow harvest
Bone marrow samples were obtained by Orthopaedic surgeons at the Avon Orthopaedic Centre, Southmead Hospital, Bristol, UK, with informed written consent and hospital ethic committee approval. Bone marrow was taken at the time of total hip replacement surgery from the femoral shaft and placed into sterile 50 ml tubes containing 1000 IU heparin. Patients with a history of malignancy, immune disorders or rheumatoid arthritis were excluded from the study. Femoral shaft bone marrow donors were healthy apart from osteoarthritis, and were not receiving drugs known to be associated with myelosuppression or bone-marrow failure.
Establishment of mesenchymal culture
Femoral shaft marrow samples were broken up with a scalpel and washed with Dulbecco's Modified Eagles Medium (DMEM, Sigma-Aldrich, Gillingham, UK) until remaining material (bone) looked white at the bottom of the 50 ml tube. All washings were pipetted into a new 50 ml tube and kept for centrifugation.The suspension was centrifuged and resuspended in DMEM and overlaid onto an equal volume of Lymphoprep™ (Axis-Shield, Dundee, UK; density 1.077 Ϯ 0.001 g/ml) and centrifuged at 600 g for 35 min at room temperature to separate the mononuclear cells (MNC) from neutrophils and red cells. The MNC layer was harvested and washed twice in DMEM. 
MSC culture
MSC characterization
Immunophenotyping of surface markers was carried out using flow cytometry, according to previous reports [20] , to ensure a homogenous population of MSC had been cultured. Cells were examined at third passage using anti-CD105, anti-CD45 (eBioscience, San Diego, CA, USA), anti-CD166, and with anti-CD44 (Serotec, Oxford, UK 
MSC infusion into Naïve and EAE mice
All animal experiments were performed with institutional (University of Bristol) and British Home Office approval. human mesenchymal stem cells (3rd-6th passage, derived from one of the four separate donors used) or phosphatebuffered saline (PBS) (as a sham), via the intra-venous route. Mice were divided into four experimental groups: two groups were inoculated to induce EAE, and of these, one group was treated subsequently with (sham) PBS, one with normal human MSCs; of the remaining two (non-EAE) groups, one received (sham) PBS, the other with normal human MSCs. On Day 28, mice were sacrificed and brains were extracted for analysis. CNS tissue was fixed in 4% paraformaldehyde solution and 15 mm sections were cut and examined. Transplantation of MSCs were performed without immunosuppressive anti-rejection therapy as MSC have demonstrated that they are able to evade the allogeneic immune system following intravenous infusion [22] [23] [24] [25] . In addition, animal models in which allogeneic major histocompatibility complex mismatched MSC were infused or implanted have shown that MSC have been well tolerated and escape immune recognition in situations where they should be recognized by alloreactive T cells [26] [27] [28] [29] .
Analysis of cerebellar sections from naïve and EAE mice
Sagittally cut cerebellar sections were immunocytochemically labelled with Mouse monoclonal anti-human Golgi Zone (1:500) (Millipore, Watford, UK) and Rabbit antiCalbindin-D28K (1:500) (Sigma-Aldrich, Gillingham, UK). Immunolabelled sections of the cerebellum were examined and numbers of human Golgi Zone/Calbindin-D28K positive cells from naïve and EAE mice were determined.
Neuronal cell culture
Neuronal cultures were prepared from the cerebella of E18 rat embryos. In brief, the pregnant female (timemated), was sacrificed and embryos removed. The cerebella were dissected out and the meninges removed. Following enzymatic and mechanical dissociation, cells were counted and plated onto poly-L-lysine coated 13 mm coverslips at 250 000 cells/coverslip and cultured in Dulbecco's modified eagles medium supplemented with 2% B27 (Gibco, Paisley, UK) and 1% Penicillin and Streptomycin. After 5 days in vitro culture, >95% of cells were positive for the neuronal marker bIII-tubulin, and within this population 20.1% Ϯ 2.3 (n = 3) were Purkinje cells (identified by Calbindin D28K staining, a calcium binding protein that is expressed by Purkinje cells in the cerebellum). The remaining cells (<2.5%) were positive for the astrocyte and oligodendrocyte markers [glial fibrillary acidic protein (GFAP) and galactocerebroside (Gal-C), respectively] [30] .
Enhanced green fluorescent protein (EGFP) transduction of E18 rat neuronal cultures
At 5 days in vitro culture, cerebellar neuronal cells were transduced (multiplicity of infection = 2) with a third generation lentivirus expressing EGFP. Briefly, all media were removed from the neuronal cultures and replaced with 0.5 ml of Dulbecco's modified eagles medium supplemented with 2% B27 (Gibco, Paisley, UK), 1% Penicillin and Streptomycin and the lentivirus. Plates were then incubated at 37°C in a humidified atmosphere containing 5% CO2 for a further 5 days prior to use within in vitro culture experiments; >80% of cerebellar neuronal cells were positive for EGFP after 5 days in culture.
E18 rat neuronal cell/MSC co-culture and cellular fusion identification
At 10 days in vitro culture, EGFP-transduced rat cerebellar neuronal cells were washed extensively with DMEM and co-cultured with human-derived MSC at 5000 cells/well, in Dulbecco's modified eagles medium supplemented with 2% B27 (Gibco, Paisley, UK) and 1% Penicillin and Streptomycin, with the addition of 5 ng/ml of human TNFalpha and/or IFN-gamma (PeproTech, Rocky Hill, NJ, USA). Cells were fed by half medium exchange every 3 days and after a further 15 days culture all cells were resuspended using 0.25% trypsin and plated onto poly-Llysine coated 13 mm coverslips for 24 h. Cells were then immunocytochemically stained with mouse monoclonal anti-human Golgi Zone (1:500). Neuronal/MSC fused cells were identified as being EGFP/human Golgi Zone double positive cells. Cultures were analysed by cell counting of five random fields from at least three coverslips per experimental condition using a LEICA DM6000B microscope (¥40) (Leica Microsystems, Milton Keynes, UK).
Statistical analysis
Counting data was analysed using non-parametric tests (Kruskal-Wallis with post hoc Dunn's-testing between groups). Paired t-tests were used for analysis of normally distributed data. Values are expressed as the mean Ϯ SEM from at least three independent experiments, taking P < 0.05 to represent statistical significance.
Results
Characterization of MSC cultures
Cells harvested from femoral shaft marrows displayed typical characteristics of MSCs in culture. Mononuclear cell cultures derived from femoral shaft bone marrows produced confluent adherent layers of elongated fibroblast-like cells in mesenchymal culture conditions. Mesenchymal stem cells were characterized by their immunophenotype and differentiation potential at third passage of culture. Using flow cytometric analyses, MSCs were found to be uniformly positive for the mesenchymal markers CD105, CD166, CD44, but negative for CD45 which is consistent with the known MSC phenotype and excludes contamination of cultures with haemopoietic cells [31] . In addition, MSCs were successfully induced to differentiate towards osteogenic, adipogenic and chondrogenic lineages using the methods described (Figure 1 ).
EAE increases numbers of human cells within the cerebellum of mice treated with human MSCs
The EAE status of the mice was confirmed using clinical EAE scores recorded using a standard scoring system (0 -Normal; 1 -Tail flaccidity or hind limb weakness; 2 -Partial hind limb paralysis; 3 -Complete hind limb paralysis, spastic paresis, impaired righting reflex; 4 -Complete hind and fore limb paralysis; 5 -Dead) [4] . In addition, both solochrome cyanine staining and immunofluorescent staining with an anti-myelin basic protein antibody was used to identify EAE brain and spinal cord lesions within the EAE induced mice (data not shown). No lesions were observed in the naïve mouse population, and all naïve mice presented normal clinical scores (data not shown).
A human specific anti-human Golgi Zone monoclonal antibody was used to detect human-derived cells post intra-venous MSC infusion in mice. The human Golgi Zone antibody specificity to cells of human origin was tested on both human derived MSC and rodent cerebellar neuronal cultures (Figure 2 ). Using this antibody, Golgi staining was completely absent within cerebellar cells of rodent origin. However, 100% of MSCs were positive for the Golgi Zone marker (Figure 2 ). Human Golgi Zone staining was also absent when tested on cerebellar tissue sections derived from control mice that had not received an infusion of MSC (data not shown).
Analysis of cerebellar sections from both naïve and EAE mice infusion revealed the presence of mouse Purkinje cells, expressing Calbindin-D28K, co-expressing human To investigate whether the induction of EAE increases the levels of cellular fusion and heterokaryon formation within the mouse cerebellum, the numbers of human Golgi Zone/Calbindin-D28K positive mouse Purkinje cells from naïve and EAE mice were determined. Immunolabelled sagittal sections of the cerebellum were examined and numbers of human Golgi/Calbindin-D28K double positive cells and total numbers of Calbindin-D28K positive cells were determined [10 complete sagittal sections of the cerebellum ( Figure 3D ) from five animals/treatment were investigated]. Within naïve animals a frequency of 0.147 Ϯ 0.046% of Purkinje cells were positive for human Golgi Zone, compared with the significantly higher level of 1.454 Ϯ 0.629% evident within the EAE group (P < 0.01) ( Figure 4A ). There were no differences in the number of Purkinje cells per random field counted within the cerebellum of EAE versus naïve animals 22 days post infusion with MSC ( Figure 4B ).
Characterization of cerebellar neuronal cultures
E18 cerebellar neuronal cells were cultured in serum-free B27-supplement for 5 days after plating. At this point neurons (identified by b-tubulin III staining) represented 97.9% Ϯ 1.2 (n = 3) of the total cells, and within this population 20.1% Ϯ 2.3 (n = 8) expressed the Purkinje cell marker Calbindin D28K [32] . The remaining cells were predominantly GFAP expressing astrocytes and Gal-C expressing oligodendrocytes. 
Induction of MSC/cerebellar neuronal cell fusion in vitro
To investigate MSC/cerebellar neuronal cell fusion and test whether inflammatory cytokines TNF-alpha and IFNgamma induce a higher frequency of fusion, human MSCs were co-cultured with EGFP-expressing rat cerebellar cells in vitro.
After 15 days co-culture, fused cells were identified using immunofluorescence microscopy as EGFP fused cells were shown to be bi-nucleate, although in a proportion of double positive cells only one nucleus was identifiable. No differences were seen in MSC numbers after the culture period between conditions ( Figure 6B) ; however, there was a significant increase in neuronal survival evident when exposing neuronal/MSC cultures to both TNF-alpha and IFN-gamma when compared with base media alone ( Figure 6A ). The frequency of fusion events (demonstrated by double labelling with EGFP and human Golgi Zone) between the two cell populations was significantly increased by the addition of TNF-alpha and/or IFN-gamma to co-cultures when compared with the absence of cytokines ( Figure 6C ). Given the increase in neuronal numbers seen in co-cultures exposed to TNFalpha and IFN-gamma, we calculated the percentage of EGFP positive cells expressing human Golgi Zone, and found that TNF-alpha and IFN-gamma increased the proportion of double labelled cells, indicating that this was not merely a function of increasing neuronal numbers ( Figure 6D ).
Discussion
Here we have performed a series of experiments showing that following intravenous infusion into normal healthy mice, human bone marrow-derived mesenchymal stem cells migrate to the cerebellum and fuse with host Purkinje cells. We have also demonstrated that in EAE there is a greatly increased frequency (up to 10-fold) of fusion events and heterokaryon formation between human MSCs and rodent Purkinje cells. To our knowledge, this is the first demonstration of the ability of human cells to fuse with cerebellar neurons in the context of EAE. This may have significant implications for therapies for human inflammatory diseases of the CNS. In vitro studies have allowed us to explore the direct effect of inflammatory mediators on heterokaryon formation. We have demonstrated that fusion between MSCs and cerebellar neurons can occur spontaneously in vitro, but with a markedly higher incidence in the presence of the inflammatory mediators TNF-alpha and IFN-gamma.
Previous reports have demonstrated fusion between rodent haematopoietic stem cells and rodent Purkinje cells, with increased levels occurring in the context of CNS or systemic inflammation [11] . The comparable increase in fusion was postulated largely to be due to the combination of CNS inflammation and stress to Purkinje neurons in the cerebellum causing a microenvironment conducive to cerebellar fusion and heterokaryon formation but the precise mechanisms have not been explored [11] . Increased migration of stem cells into the cerebellum as a consequence of inflammation could contribute; and the effects of inflammatory processes could conceivably include a direct action on Purkinje cells and stem cells. Alternatively, increased fusion could be mediated as a secondary effect of infiltrating cells and molecules on local cell populations, including microglia and/or astrocytes, both of which are well known to respond to such environmental changes.
Weimann et al. found that bone marrow-derived stem cells contributed to Purkinje neurons in the brains of adult women who had received bone marrow from male donors for the treatment of haematological malignancies; though they considered fusion an unlikely mechanism [13] . Subsequently, a number of groups transplanted green fluorescent protein-expressing stem cells into lethally irradiated/non-irradiated mice demonstrating the transplanted cells contribute to some of the Purkinje neurons in the cerebellum, where they can remain for months post infusion [10] [11] [12] 14, 33] . Importantly, Bae et al. (2007) demonstrated that bone marrow-derived MSC/Purkinje neuron fusion-like events develop into electrically active neurons with functional synaptic formation in the cerebellum of mice with neurodegeneration. Thus, MSCs may be able to integrate into the CNS and contribute to the essential properties of mature neurons [34] .
Here, we have shown that human bone marrowderived MSCs also exhibit this potentially reparative action, fusing with Purkinje cells in the rodent cerebellum in vivo; and these fusion events are increased in the neuroinflammatory environment of EAE, with no apparent loss in Purkinje cell numbers. It can therefore be hypothesized that endogenous factors associated with the physiological mechanisms of EAE, causing CNS inflammation, demyelination and neuronal/axonal degeneration, promote increased cell fusion between Although inflammation is not necessary to induce fusion between bone marrow-derived stem cells and Purkinje cells, fusion only occurs at very low levels under normal physiological circumstances [13, 14] . Thus, inflammation following tissue damage seems to play an important role in heterokaryon formation. Recent studies indicate that increased fusion events are partly the result of inflammation-induced migration and infiltration of cells, linked to increased permeability of the blood-brain barrier [11, 12] . While these processes appear to have an important role, Bae et al. (2005) have demonstrated that the cerebellar pathology associated with a noninflammatory condition, murine Niemann-Pick disease type-C, augments the ability of bone marrow-derived MSCs to fuse with Purkinje neurons when transplanted directly into the cerebellum [35] . The results suggest that increased fusion events may be, in part, independent of cell migration and blood brain barrier permeability, and that MSCs and/or Purkinje neurons respond to factors derived from the neurodegenerative microenvironment leading to increases in fusion events.
In EAE and other central nervous system inflammatory disorders, both IFN-gamma and TNF-alpha are upregulated and are critically involved in the initiation and amplification of the local immune response in the CNS [36] . Cytokine levels increase in the murine CNS following induction of EAE by recombinant human MOG [37] . TNFalpha and IFN-gamma secreting cells are present in the CNS of mice prior to clinical onset of MOG induced EAE symptoms, levels then rise around day 7, peaking at days 15-20 after immunization, followed by a decline during remission [38] . We therefore investigated whether MSC/ neuronal cell fusion occurs in vitro and if these events are increased in response to the pro-inflammatory cytokines TNF-alpha and IFN-gamma. We have shown that fusion between MSCs and cerebellar neurons occurs in vitro, with an increase in cellular fusion in the presence of TNF-alpha and/or IFN-gamma. MSCs are known to express receptors for both TNF-alpha and IFN-gamma and signalling through these receptors can alter MSC gene expression profiles [39] .It is therefore possible that MSC activation by TNF-alpha and IFN-gamma may represent at least one molecular mechanism by which MSCs are encouraged to fuse with Purkinje neurons. It is equally possible that these cytokines are acting through Purkinje neurons themselves, rendering neurons more susceptible to fusion events. It is interesting that an increase in neuronal survival was evident in the presence of both MSCs and TNFalpha/IFN-gamma. It may be that this increase in survival is due to the protective nature of cellular fusion on neuronal cells. Alternatively, MSCs exposed to TNF-alpha/ IFN-gamma may promote neuronal survival via other mechanisms. It is highly likely that cross-talk between the two populations, both in vitro and in vivo, is highly complex and warrants further study. We have, however, demonstrated an increase in the percentage of EGFP-expressing neurons co-expressing human Golgi Zone after cytokine exposure, and this, coupled with in vivo data showing increases in numbers of Purkinje cells also expressing human Golgi Zone after EAE induction, without any apparent loss in Purkinje cell numbers present within the cerebellum, indicates that inflammatory mediators have a direct and positive influence on cellular fusion between human MSCs and neuronal cells.
The biological relevance of cell fusion, either in vitro or in vivo, is, as yet, unclear, but may represent a physiological phenomenon to introduce young nuclei or functional genes in aged or degenerating cells [10] . The reasons why only Purkinje neurons, out of all of the subtypes of neurons in the CNS, appear to have the ability to fuse with bone marrow derived cells is of much interest. It may be that Purkinje cells have an embryological propensity to polyploidy and indeed this phenomenon has been documented in rodent Purkinje cells in other studies [40, 41] . Furthermore, the observation that chronic inflammation promotes migration and infiltration of bone marrowderived stem cells to the site of brain injury suggests a mechanism by which the body targets sites for neural repair [15] [16] [17] . We have shown that inflammatory mediators have the ability to increase the frequency of MSC fusion with neuronal cells in vitro along with increasing the frequency of human MSCs fusing with mouse Purkinje cells in the cerebellum in vivo. This strongly supports the notion that immunological factors involved in the inflammatory process have a role in limiting the loss of structural neurons, such as Purkinje neurons, which cannot be replaced in adult life [11] . Purkinje cell axons are the sole outputs from the cerebellar cortex where they make large numbers of contacts with several different cell types; they are therefore critical for normal cerebellar function [42] . Thus, it could be postulated that any preservation in Purkinje cell numbers through fusion events could have a large clinical significance.
Together, results from this study demonstrate that the inflammatory environment of EAE increases cellular fusion and heterokaryon formation between human and rodent cells in the cerebellum of mice after intravenous injection of human bone marrow-derived MSCs. In addition, we were able to show that fusion between MSCs and cerebellar neuronal cells occurs in vitro, with an increase in cellular fusion events in the presence of TNF-alpha and/or IFN-gamma. The finding that fusion between bone marrow-derived cells and cerebellar neurons is, we believe, of significant importance. Specifically, the observation that fusion events increase in response to inflammatory mediators in vivo and in vitro suggests that the process may be a useful therapeutic target for human inflammatory diseases of the CNS. The number of fusion events is small and further studies are warranted to improve understanding of the process and to test ways to increase fusion levels. As MSCs can be easily isolated from the bone marrow and rapidly expanded in vitro, these findings suggest that bone marrow-derived stem cells may be potential therapeutic agents for cerebellar and neuroinflammatory diseases.
